The photosynthetic alphaproteobacterium Rhodospirillum rubrum S1H is part of the MicroEcological Life Support System Alternative (MELiSSA) project that is aiming to develop a closed life support system for oxygen, water and food production to support human life in space in forthcoming long-term space exploration missions. In the present study, R. rubrum S1H was cultured in a rotating wall vessel (RWV), simulating partial microgravity conditions on Earth. The bacterium showed a significant response to cultivation in simulated microgravity at the transcriptomic, proteomic and metabolic levels. In simulated microgravity conditions three N-acyl-L-homoserine lactones (C10-HSL, C12-HSL and 3-OH-C14-HSL) were detected in concentrations that were twice those detected under normal gravity, while no differences in cell density was detected. In addition, R. rubrum cultivated in modelled microgravity showed higher pigmentation than the normal gravity control, without change in culture oxygenation. When compared to randomized microgravity cultivation using a random positioning machine, significant overlap for the top differentially expressed genes and proteins was observed. Cultivation in this new artificial environment of simulated microgravity showed new properties of this well-known bacterium, including its first, to our knowledge, complete quorum-sensing-related Nacylhomoserine lactone profile.
INTRODUCTION
The Micro-Ecological Life Support System Alternative (MELiSSA) is a closed regenerative life support system for future space flights under development by the European Space Agency. It consists of interconnected processes (i.e. bioreactors, higher plant compartments, filtration units, etc.) targeting the production of oxygen, water and food by the recycling of organic and mineral waste (Mergeay et al., 1988) . Within the MELiSSA loop, the purple non-sulfur alphaproteobacterium Rhodospirillum rubrum S1H occupies a key position, processing the carbon and nitrogen compounds coming from the upstream raw waste digester (Hendrickx et al., 2006) and mainly preventing volatile fatty acids from endangering the functioning of the downstream nitrifying compartment (Oguz et al., 2006) . Among the challenges of the project, the functional stability of the bioreactors under space flight conditions is of paramount importance for the efficiency of the life support system and therefore for the crew safety.
Culture conditions in the microgravity environment of space flight are characterized by a lack of sedimentation and by fluid quiescence (Hammond et al., 2000) . Cells experience low fluid shear, and transport is limited to diffusion because convection currents are essentially absent in microgravity (Klaus et al., 1998) when no artificial mixing is applied.
Actual space flight experiments are severely constrained by limited availability of electrical power, volume and weight for up-and download, stowage space and crew time, and a general lack of sophisticated analytical equipment and expertise aboard the spacecraft. As such, former space flight and associated ground experiments involving R. rubrum S1H were only conducted on solid agar medium (Mastroleo et al., 2009b) . During the MESSAGE 2 space flight experiment, R. rubrum S1H was cultivated on rich agar medium onboard the International Space Station (ISS) and ground simulation included rich agar medium random positioning machine (RPM) cultivation. For the BASE-A space flight experiment, R. rubrum S1H was cultivated on minimal agar medium onboard the ISS and ground simulation included minimal agar medium RPM cultivation. While giving us a first glimpse of how the bacterium would react to space flight conditions, the culture conditions remained far from the actual liquid culture condition foreseen in the MELiSSA loop. Since inflight research has many limitations, this has driven the development of Earth-based systems to simulate microgravity (Manti, 2006; Marco et al., 2007) .
The most commonly used microgravity simulator is the rotating wall vessel (RWV) culture apparatus developed by the National Aeronautics and Space Administration (Hammond & Hammond, 2001) . RWV cultivation does not alter the gravity force (microgravity) as on the ISS, rather it mimics the low turbulence of a space environment and has been referred to as low-shear modelled microgravity (LSMMG) (Nickerson et al., 2004; Wilson et al., , 2008 . Previous reports on bacterial cultivation in a RWV mainly focused on pathogenic bacteria (Crabbé et al., 2008; Nickerson et al., 2000) since the astronauts' immune systems appeared to be impaired in space flight conditions including change in gravity (Sonnenfeld, 2005) .
Considering cultivation process properties, the RWV was shown to maintain low-shear-stress conditions, meaning below 0.01 Pa (Anderson et al., 2007; Nauman et al., 2007) . Because this is approximately 50 times lower shear stress than in a typical stirred vessel (Tsao et al., 1994) , this obviously affects mixing conditions inside the culture vessels compared to classical culture. For that reason, the formation of a microenvironment around the cells that could be responsible for the induction of species-specific phenotypes in bacteria cultivated in the RWV was hypothesized (Vukanti et al., 2008) .
Our lab previously suggested the induction of rhl quorum sensing (QS)-system-related genes in Pseudomonas aeruginosa PAO1 when cultivated in LSMMG (Crabbé et al., 2008) and a potential functionality of the QS system in R. rubrum S1H was observed once (Pycke, 2009 ), but remained to be characterized in detail. In silico analysis of the R. rubrum genome showed components of the Nacylhomoserine lactone (AHL)-type QS system, where the LuxI-type autoinducer synthase catalyses the synthesis of the signalling molecule and the LuxR-type regulator interacts with the AHLs and controls the target genes (Case et al., 2008; Reading & Sperandio, 2006) .
Here, we studied R. rubrum S1H at the transcriptomic, proteomic and metabolic levels under simulated gravity in liquid conditions using the RWV technology.
METHODS
Inoculum preparation. R. rubrum S1H (ATCC 25903) was grown to stationary phase in Sistrom medium A containing 2 g sodium succinate l
21 (Sistrom, 1960) at 30 uC in dark aerobic conditions on an orbital shaker at 150 r.p.m. using a cell culture flask with a vented cap (Greiner Bio-One) to ensure adequate aeration. Cells from four independent cultures were harvested by centrifugation and resuspended in 0.85 % NaCl to a final OD 680 y 0.6 to constitute inoculum suspension.
Culture setup. All cultures were grown aerobically in the dark for 10 days at 21 uC, which are typical time frame and temperature conditions of a Soyuz space flight mission Mastroleo et al., 2009b) . RWV vessels (Cellon) were filled to capacity (zero headspace) with approximately 58 ml Sistrom medium A (Sistrom, 1960) and 1 % inoculum (v/v) from the stock culture, while air bubbles were removed to eliminate turbulence and ensure a sustained low-shear environment as previously described (Crabbé et al., 2008) . In the vessel rotating around a horizontal axis (Fig. S1a , available in Microbiology Online), the liquid moves as a single body of fluid in which the gravitational vector is offset by hydrodynamic, centrifugal and Coriolis forces resulting in maintenance of cells in a continuous suspended orbit. By placing cells along the axis of rotation and spinning them perpendicular to the gravity vector, they rotate through the vector. Because the cell spins at a constant rate and gravity remains constant, the gravity vector is nulled from the cell's perspective (Hammond & Hammond, 2001) . Gas exchange in the RWV vessels during growth was ensured by the gas-permeable silicone membrane present at the back of each RWV vessel. Bacterial growth was allowed at a rotational speed of 25 r.p.m. The horizontal RWV position was used as a normal gravity control for the modelled microgravity cultivation (Fig. S1a) . After cultivation, dissolved oxygen concentration (DO) was measured by inserting the oxygen probe (910 oxy; Knick Portamess) directly into the vessel without homogenization as previously described (Crabbé et al., 2008) . No experimental data could be found in the literature concerning the oxygen transport inside the RWV vessels. Current estimation comes from 2D mathematical calculations performed by Kwon et al. (2008) that suggest uniform diffusion of oxygen starting from 18 r.p.m. vessel rotation speed, which causes sufficient convective flux of oxygen. After homogenization, OD was measured at 600 nm and cells were harvested for viable count and pigment quantification after acetone/methanol (7 : 2, v/v) extraction (Favier-Teodorescu, 2004) and for transcriptomic, proteomic and AHLs analysis. RWV setup has intrinsically some technical constraints that do not allow sampling during the cultivation test without compromising the low-shear cultivation state. In addition, because the RWV vessels are filled to capacity (zero headspace), regular sampling would imply refilling the RWV vessels with fresh medium at a certain point to avoid any decrease in pressure inside the vessels. For these reasons, only endpoint measurements were performed.
The same RWV vessel type was used to cultivate R. rubrum S1H in liquid aerobic conditions using a RPM. The horizontal RWV position was also used as normal gravity control for the RPM cultivation (Fig.  S1a) . The RPM was operated as a random walk three-dimensional clinostat (basic mode) with an angular velocity of rotation of 60u s 21 as previously described (Mastroleo et al., 2009b) .
Transcriptomic analysis. Cells (10 ml) were harvested after 10 days of cultivation using the RWV technology or the RPM technology. The Rhodospirillum rubrum in modelled microgravity transcriptomic study was performed using whole-genome R. rubrum S1 DNA microarrays, in biological and technical triplicates, as previously described (Mastroleo et al., 2009b) . Genes were considered as significantly differentially expressed when the fold change was higher than two or lower than 0.5 with a P value lower than 0.05. All microarray data have been deposited at the Gene Expression Omnibus website (http://www.ncbi.nlm.nih.gov/geo/) under accession number GSE19942.
Proteomic analysis. Cells (40 ml) were harvested after 10 days of cultivation using the RWV technology or the RPM technology. Proteome analyses were conducted using multi-dimensional protein identification technology (MudPIT) coupled to the isotope-coded protein label (ICPL) technology as previously described (Mastroleo et al., 2009b) . Repeated sample injection of pooled biological quadruplicate was performed. Proteins were considered as significantly differentially expressed when the fold change was higher than 1.5-or lower than 0.7-fold. Thresholds were adapted when necessary (Wang et al., 2009 ).
QS bioassay. R. rubrum S1H extracts for TLC analysis were prepared from 200 ml cultures in Sistrom medium A in dark aerobic conditions as mentioned above for the inoculum preparation. Whole cultures were extracted twice with equal volumes of analysis-grade dichloromethane (Merck) and the combined extracts were dried over anhydrous magnesium sulfate, filtered and evaporated to dryness using a Rotavapor (Büchi Labortechnik). Residues were dissolved in 500 ml dichloromethane. Five microlitre bacterial extracts and AHL standards, [N-butyryl-L-homoserine lactone (C4-HSL), N-hexanoyl-L-homoserine lactone (C6-HSL) and Ndodecanoyl-L-homoserine lactone (C12-HSL)] (Sigma-Aldrich) were applied to C 18 reversed-phase TLC plates (Merck) and the chromatograms were resolved in methanol/water (60 : 40, v/v) until the solvent front was~2 cm from the top of the TLC plate. The solvent was then allowed to evaporate and the dried TLC plates were overlaid with a culture of the indicator bacterium. Agrobacterium tumefaciens NT1(pZLR4) was used as an AHL reporter (Shaw et al., 1997) . The A. tumefaciens indicator strain was grown at 30 uC in modified MGM minimal medium (11 g Na 2 HPO 4 , 3 g KH 2 PO 4 , 0.5 g NaCl, 1 g glutamate, 10 g glucose, 1 mg biotin, 27.8 mg CaCl 2 and 246 mg MgSO 4 per litre) containing 20 mg gentamicin ml 21 . A 10 ml overnight culture of A. tumefaciens NT1(pZRL4) was used to inoculate 150 ml of modified MGM minimal medium containing 20 mg gentamicin ml 21 and the new culture was grown to late exponential phase. The entire 150 ml of culture was added to 150 ml of the same medium containing 1.2 g melted agar (Select Agar; Oxoid) and 40 mg X-Gal ml 21 (Fermentas) maintained at 45 uC. When sensing HSLs, this biosensor produces b-galactidosidase, which is able to hydrolyse X-Gal yielding a blue signal. The culture was mixed thoroughly and immediately spread over the surface of the developed TLC plate placed in a 478 cm 2 bioassay dish (VWR). After the agar solidified, the coated plates were incubated at 30 uC for 96 h.
AHL analysis. Identification and relative quantification of the Nacyl-L-homoserine lactones produced by R. rubrum S1H were performed using liquid chromatography (LC) coupled to hybrid quadrupole-linear ion trap (QqQLIT) mass spectrometry in a series of enhanced product trap experiments (EPI) triggered by precursor ion scanning across the m/z range 150-500 and in particular m/z 102, which is characteristic of the homoserine lactone ring moiety. To confirm the identity of the AHLs, the EPI spectra (m/ z range 80-400) containing the fragment ion at m/z 102 were compared to the retention time and spectral properties of a series of corresponding synthetic AHL standards as previously described (Ortori et al., 2007) .
RESULTS

Culture analysis
R. rubrum S1H liquid cultures were subjected to simulated microgravity conditions on Earth using the RWV technology, which produces low fluid shear modelled microgravity. After 10 days of cultivation, cell distribution was different in LSMMG and in the control vessels. In the latter, part of the culture sedimented on the membrane side of the vessels while cells were homogeneously distributed in the LSMMG vessels (Fig. S1b) . The use of RWV does not allow collecting time-course data for the reasons explained in Methods. However, all cultures reached the same end point in relation to OD, viable count, DO and pH (approx. 7.8, data not shown) while higher pigment content of the simulated microgravity cultures compared to the control cultures could be measured after 10 days of cultivation in dark aerobic conditions ( Fig. 1 and Table 1 ). Nauman et al. (2007) reported that the addition of a bead into the RWV did not affect the growth curves or oxygen utilization of bacterial cells in the vessel, suggesting that changes in microbial characteristics due to mass transfer are unlikely. Therefore we can assume that the cells are in the same growth state (stationary phase) at the end of the 10 day experiment.
To confirm the validity of the DO measurements, another 10 day experiment was performed but control vessels were placed upside-down (data not shown). That way, the cells sedimented on the sample ports side (instead of the gaspermeable silicon membrane side, Fig. S1b ]. Therefore, oxygen depletion leading to expected pigment induction (Ghosh et al., 1994; Niederman, 2013) could be artificially reproduced inside the control 'upside-down' vessels. These data support the fact that our DO measurement is representative of the oxygen availability inside the culture vessels and that the observed effects cannot only be induced by oxygen limitation. S1H control cultures S1H cultures in low-shear modelled microgravity Fig. 1 . R. rubrum S1H culture pellets after 10 days of cultivation in dark aerobic conditions using the rotating wall vessel technology.
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Proteomic and transcriptomic analysis
For the differential proteomic analysis of the LSMMG samples versus the control samples, 422 proteins were identified including 273 proteins quantified with at least two peptides (Table S1) , representing, respectively, 11 % and 7 % of the total candidate protein-encoding genes with a computed false discovery rate of 1.38 % at the peptide level. The median value of the fold-change distribution was 0.77 (Fig. S2) . Therefore, the threshold of significance was adapted by multiplying it by the correction factor (0.77) giving 1.16 and 0.54 rendering, respectively, 27 and 43 proteins that passed the threshold for up-and downregulation (Table 2) . Interestingly, among the top 10 overexpressed proteins, seven were membrane proteins including the top two occupied by pufM (Rru_A2974) and puhA (Rru_ A0617) related to the photosynthetic apparatus.
In addition, the translation of 41 hypothetical proteins of R. rubrum has been shown for the first time (Table S1 ). Among these, Rru_A1096 (putative periplasmic protein), Rru_A1353 (putative outer-membrane protein), Rru_A3373 and Rru_ A3662 have been shown to be significantly downregulated in LSMMG culture conditions (Table 2 ).
Using our R. rubrum whole-genome oligonucleotides chip, only 13 genes (out of 3824 genes retained after quality control) were identified as significantly upregulated after 10 days of culturing in LSMMG compared to the normal gravity control (Table 3) . No genes were found to be significantly downregulated during LSMMG culturing compared to the control conditions. The gene Rru_ A3396, which codes for an AHL synthase, was induced 4.01-fold in LSMMG. The associated LuxR-type regulator (Rru_A3395) was not differentially expressed during LSMMG cultivation. Interestingly, in R. rubrum the AHL synthase gene appeared to be transcriptionally coupled to a gene of unknown function. The latter (Rru_A3397) was the third most upregulated gene (3.16-fold). The 'unclassified' (Un) COG category ranked as the most numerically abundant functional category of genes whose expression was significantly changed with four genes upregulated in LSMMG including Rru_A1537 and Rru_ A2850 ( Table 3 ) that could be reannotated using the MaGe platform for genome expert annotation (Vallenet et al., 2006) .
QS bioassay and AHL analysis
Because the AHL synthase gene (Rru_A3396) was the most upregulated gene in simulated microgravity conditions, the general functionality of the R. rubrum S1H QS system was tested. The production of AHLs by R. rubrum S1H cultured in regular culture flasks was first examined using a bioassay combining TLC with the reporter strain A. tumefaciens NT1(pZRL4). The reporter strain sensed multiple AHLs with acyl chains ranging from four carbons to at least 12 carbons (Fig. 2) .
To achieve unequivocal structural identification and to give a quantitative dimension of the previous results, LC coupled with MS analysis was performed on R. rubrum whole-cell extracts from LSMMG cultures. Ten AHLs with acyl side chains ranging from C 6 to C 14 with or without 3-hydroxy substituents were identified (Table 4) and among these, C10-HSL, C12-HSL and 3-OH-C14-HSL were significantly more abundant in LSMMG samples, respectively 3.28-fold, 1.98-fold and 1.96-fold, supporting what was observed at the transcriptomic level (individual AHLs measurements are presented in Table S2 ).
Comparison with other experiments involving change in gravity conditions
The RPM is another microgravity simulator that randomly changes the position of an accommodated (biological) experiment in three-dimensional space (Hoson et al., 1997) . The RPM was shown to maintain similar low-shear-stress conditions to the RWV, meaning below 0.01 Pa (Pardo et al., 2005) . At the proteomic level, the two most highly induced proteins (out of 16) in the RPM samples were PuhA (3.43-fold) and PufM (3.34-fold), related to the photosynthetic apparatus, as already observed for the RWV experiment. In addition, the translation of 42 hypothetical proteins of R. rubrum has been shown for the first time (Table S4) including 25 already detected in the LSMMG sample (Table  S3) . Among the latter, Rru_A1096 was the only protein of unknown function differentially expressed in both the RPM and the LSMMG samples.
At the transcriptomic level, all 13 genes upregulated in the LSMMG culture were also upregulated in the RPM experiment but with higher fold induction in the latter Rru_A3397. In addition, the transcriptional regulator (Rru_A3395) appeared to be significantly upregulated (1.40-fold). Besides, upregulation was also observed for pucC (Rru_A0618) (2.65-fold), a component of the puc operon coding for two light-harvesting antenna subunits, for a membrane stress response gene, mufM (Rru_A0424) (3.69-fold), and for a mechanosensitive ion channel-related gene, mscS (Rru_A1608) (4.34-fold), during the RPM experiment.
The response of R. rubrum S1H to LSMMG and RPM liquid growth conditions in minimal medium used in the present study showed low overlap with previously performed MESSAGE 2 and BASE-A space flight and RPM experiments on minimal and rich solid media (Mastroleo et al., 2009b) (Fig. S3) . Only the liquid RPM experiment performed in this study and the previous MESSAGE 2 agar RPM experiments showed a significant overlap (P,0.05). The sms gene (Rru_A1537) coding for a protein with unknown function was upregulated in RPM liquid, MESSAGE 2 flight, MESSAGE 2 agar RPM and BASE-A agar RPM experiments. Rru_A2850, a putative chemotaxis-related gene, was upregulated in LSMMG and RPM liquid as well as in MESSAGE 2 RPM-related and BASE-A RPM-related experiments. Rru_ A0637, which codes for a putative lipoprotein with three predicted transmembrane domains, and Rru_A3369, which codes for a hypothetical protein, were upregulated in RPM liquid, MESSAGE 2 flight and MESSAGE 2 agar RPM experiments. Rru_A1608, related to a mechanosensitive ion channel protein, was upregulated in both the RPM liquid and the BASE-A RPM experiments. For Rru_A1758, coding for a hypothetical protein with one predicted transmembrane domain, joint upregulation was found in LSMMG and RPM liquid and in BASE-A agar RPM experiments. Finally, Rru_A3286 coding for a putative transcriptional regulator was jointly upregulated in RPM liquid, MESSAGE 2 flight and MESSAGE 2 agar RPM experiments (Table S4) .
DISCUSSION
To our knowledge, the present study is the first report of an integrated culture, proteomic and transcriptomic analysis, Table 3 . Significantly differentially expressed genes in the LSMMG experiments compared to the control conditions Rru_A refers to genes located on the chromosome while Rru_B refers to gene located on the plasmid of R. rubrum. FC, fold change (P,0.05). Genes were sorted following fold-change values. E, amino acid transport and metabolism; M, cell envelope biogenesis, outer membrane; R, general function prediction only; I, lipid metabolism; Q, secondary metabolite biosynthesis, transport and catabolism; J, translation, ribosomal structure and biogenesis; Un, unclassified. C4 C6 C12 S1H Fig. 2 . TLC of R. rubrum S1H Sistrom-succinate dark aerobic whole culture extract. S1H, whole culture extract; C4, N-butyryl-DL-homoserine lactone; C6, N-hexanoyl-DL-homoserine lactone; C12, N-dodecanoyl-DL-homoserine lactone.
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combined with pigment quantification and AHL profiling, of a bacterium cultured in modelled microgravity.
Modelled microgravity cultivation modulates AHL production in R. rubrum independently of cell density
In both modelled microgravity experiments the gene coding for the AHL synthase Rru_A3396 responsible for the synthesis of AHLs was highly upregulated although the corresponding protein was not detected during proteomic analysis. However, LC-QdQLIT-MS confirmed the activation of the R. rubrum QS system in LSMMG by identifiying three AHLs (C10-HSL, C12-HSL and 3-OH-C14-HSL) which were at least twice as abundant in samples cultivated in simulated microgravity conditions when compared to those in normal gravity. A further seven AHLs were also identified but were not differentially produced in simulated microgravity. Probable causes for the apparent inconsistent AHL pattern like variable cell numbers and pH can be ruled out since there were no significant differences in OD/ live count and pH between the control and the simulated microgravity samples. This observed difference in AHL production may be due to the type and available cellular pool of acyl-acyl carrier proteins, originating from the fatty acid biosynthetic pathway and involved in AHL biosynthesis, which have also been shown to influence the production of AHL molecules (Fast & Tipton, 2012; Watson et al., 2002) .
Because the transcription of the AHL synthase may be regulated by AHLs in a positive feed-back loop, it is possible that in (modelled) microgravity, the fluid quiescence and reduced mixing could enhance the accumulation of the AHLs in the bacterium's surroundings and thus promote AHL synthase and QS-related gene expression, independently of cell concentration (Horswill et al., 2007) . According to Hense et al. (2007) , cells can indeed not distinguish between the three key determinants of autoinducer concentration, namely cell density, spatial distribution of the cells and mass-transfer properties. Because QS pathways are involved in the regulation of a number of key functions in many bacterial species, especially those associated with virulence (Fuqua & Greenberg, 2002; Reading & Sperandio, 2006) , the possible cell density independent induction of QS could alter significantly the organisms' ability to thrive in a given environmental setting (Boedicker et al., 2009; Carnes et al., 2010; Connell et al., 2010) . Moreover Baysse et al. (2005) reported that alterations in membrane properties of P. aeruginosa resulted in premature production of C4-HSL and C6-HSL, which suggests that the QS system was also activated independently of cell density. The present study also put forward the differential expression of a number of membrane proteins, which suggests that membrane perturbation caused by either chemical or mechanical stimuli related to simulated microgravity cultivation could also be a trigger to QS activation in R. rubrum.
Besides, while photosystem pigment-protein component production is commonly linked to change in light intensity and oxygen tension in purple photosynthetic bacteria (Ghosh et al., 1994; Niederman, 2013) , R. rubrum S1H cells cultivated in modelled microgravity in the dark showed higher pigmentation than the normal gravity control, without change in cell density and culture oxygenation. At the proteomic level, the most highly induced proteins in modelled microgravity were also related to the membrane-associated photosynthetic apparatus, namely PuhA and PufM. The common activation of pigment biosynthesis and QS systems indicates that the photosynthetic apparatus of R. rubrum S1H is putatively controlled by QS. This was also recently reported for the closely related Rhodobacter sphaeroides 2.4.1 (Hwang et al., 2008) . Rhodobacter sphaeroides mutants deficient in the production of the native AHL (7,8-cis-N-tetradecenoylhomoserine lactone) were less pigmented than the wildtype and showed an aggregative phenotype at high cell densities; both could be complemented by addition of the native AHL or by a functional copy of the AHL synthase (Puskas et al., 1997) . It is possible that this QS-regulated pigmentation and dispersion could be a response to light limitation: that when light becomes a limiting nutrient factor in sufficiently large cell aggregates, increased cell pigmentation to capture the few available protons coupled to the dispersion of such aggregates would be advantageous for the photosynthetic organisms. If so, this type of response is of importance for continuous culturing of R. rubrum S1H in MELiSSA conditions in which the production of cell aggregates adhering to the bioreactor glass wall that eventually shade completely the incoming light has been observed (F. Mastroleo and others, unpublished results). Then, QS molecules might be a potential natural dispersive agent to counteract such an undesired event. The yet unknown response mechanisms 
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and regulation of the QS system of R. rubrum S1H and its role in the different phenotypes is currently, however, still under investigation.
Comparison of LSMMG and RPM results
The RPM has been extensively used to study cytoskeleton structure and motility of human cells (Meloni et al., 2006; Walther et al., 1998) and plant gravitropism (Barjaktarović et al., 2009; Hoson et al., 1997) and more recently the RPM has been used to study bacterial cultivation (Beuls et al., 2009; Crabbé et al., 2010; Leroy et al., 2010; Mastroleo et al., 2009b; Mauclaire & Egli, 2010) . In the present study, at the proteomic level, only a few common proteins were found in the response of R. rubrum S1H to LSMMG and RPM cultivation, and the LSMMG appeared to induce a higher number of significantly regulated proteins than the RPM compared to the control conditions. On the other hand, only a few genes were significantly induced at the RNA level after cultivation of R. rubrum S1H in LSMMG and all of them were included in the more pronounced transcriptomic response to cultivation in RPM. Moreover, these common genes showed much higher fold induction (at least threefold) in the RPM. Therefore, one must be cautious to conclude which of the two simulators induced a higher response in R. rubrum S1H. Nevertheless, it is apparent that culturing R. rubrum S1H under simulated microgravity in liquid conditions induced more genes with higher fold induction than culturing under simulated microgravity on agar medium as previously performed (Mastroleo et al., 2009b) . As mentioned above, the increased AHL production independent of cell density suggests that the response of the bacterium R. rubrum S1H to LSMMG was related to the fluid quiescence and reduced mixing conditions. The latter was also hypothesized for Escherichia coli K-12 cultivated in LSMMG (Tucker et al., 2007; Vukanti et al., 2008) and Cupriavidus metallidurans CH34 cultivated in RPM (Leroy et al., 2010) . However, membrane stress response and mechanosensitive-related gene induction among others indicate that a direct mechanical effect on the R. rubrum cell membrane cannot be fully excluded.
Genes coding for hypothetical proteins
The multiple experiments including space flight and simulated microgravity on plate (Mastroleo et al., 2009b) and in liquid culture also permitted us to have a better insight into the genome of R. rubrum. Particularly, the genes Rru_A1537 and Rru_A2850 could be specifically related to responses associated with changes in gravity since these genes were the only two (within the whole genome) showing a similar trend in expression in all the spacerelated culture conditions mentioned above. The production of Rru_A1537 protein was recently detected using a high-throughput proteomics approach (Mastroleo et al., 2009a) . This 'protein of unknown function', from now on named Sms (for simulated microgravity and space), has no homology to any previously reported sequence using the MaGe platform for genome expert annotation (Vallenet et al., 2006) . Further studies on this unknown protein should involve the construction of a specific mutant to be tested in space flight conditions.
Relevance for cultivation in space and the MELiSSA system
Now that we have identified in this study that R. rubrum S1H is capable of producing a number of different AHLs, and that this production is modulated and cell density independent under microgravity conditions, it will be of importance to determine the fate of these signalling molecules within the closed MELiSSA loop. Because the R. rubrum S1H compartment directly feeds the nitrifiers compartment, AHLs present in its effluent could potentially affect the biofilm formation of Nitrosomonas europaea since the latter has been shown to possess an AHL system too (Burton et al., 2005) . In addition, QS systems have already been shown not only to elicit a response inside a multispecies bacterial population but also to cross the inter-kingdom barrier (Reading & Sperandio, 2006; Shiner et al., 2005) . Therefore, production of bacterial signalling molecules could not only influence the MELiSSA loop by affecting the bacterial population within and between bioreactors but even affect the last compartment comprising higher plants. However, these AHL molecules are not ubiquitously stable, and the high pH (up to pH 10) from the cyanobacterial compartment and the elevated temperature (up to 55 uC) from the first compartment would result in a high rate of lactonolysis (Yates et al., 2002) . So, further experiments and calculations will be performed in the frame of the MELiSSA project to assure global stability of the interconnected bioreactors for safety and process efficiency during long-term manned space exploration missions.
